Background and Purpose-Traumatic brain injury (TBI) leads to nearly 300 000 annual US hospitalizations and increased lifetime risk of acute ischemic stroke (AIS). Occurrence of AIS immediately after TBI has not been well characterized. We evaluated AIS acutely after TBI and its impact on outcome. Methods-A prospective database of moderate to severe TBI survivors, admitted to inpatient rehabilitation at 22 Traumatic Brain Injury Model Systems centers and their referring acute-care hospitals, was analyzed. Outcome measures were AIS incidence, duration of posttraumatic amnesia, Functional Independence Measure, and Disability Rating Scale, at rehabilitation discharge. Results-Between October 1, 2007, and March 31, 2015, 6488 patients with TBI were enrolled in the Traumatic Brain Injury
T raumatic brain injury (TBI) is a major public health concern, leading to an estimated 2.2 million emergency department visits and 300 000 hospitalizations in the United States each year. [1] [2] [3] [4] A heterogeneous injury classification, TBI may include multiple mechanisms of brain insult occurring in isolation, in tandem, or sequentially. These include intraparenchymal, subarachnoid, and intraventricular hemorrhage; contusion; mass effect; diffuse axonal injury, seizures; and disruption of cerebral blood vessel structural integrity. 5 In the rapidly moving environment of acute trauma care, some sequelae of TBI may be occult initially, with signs and symptoms that are subtle or masked by other co-occurring physiological derangements. In this context, specific TBIs that disrupt or lead to occlusion of normal cerebrovascular circulation can produce ischemia in affected cerebral territories. If not treated, this may result in irreversible acute ischemic stroke (AIS).
Ischemic stroke is a leading neurological emergency and a major cause of death and disability, affecting ≈700 000 individuals each year in the United States 6 Prompt recognition of AIS is critical for recovery, with a narrow window for therapeutic interventions associated with improved outcomes. The principal emergent treatment available for the past 2 decades, thrombolytic therapy with recombinant tissue-type plasminogen activator, must be administered within 3 to 4.5 hours after AIS symptom onset for optimal efficacy. 7, 8 Based on limited available clinical trial evidence, recombinant tissue-type plasminogen activator currently is contraindicated for ischemic stroke after recent, serious head trauma in US stroke guidelines because of potential increased bleeding risk. However, the guidelines provide that physicians with expertise in stroke care may modify the recommendations. 9, 10 In 2015, several major randomized clinical trials reported results that demonstrated endovascular thrombectomy is associated with improved functional outcome after AIS, suggesting the possibility of an important new tool for AIS treatment. [11] [12] [13] The therapeutic window for these intra-arterial procedures also is limited-to 4.5 to 8 hours after stroke symptom onset. Since the approval of tissue-type plasminogen activator as an AIS treatment in 1996, 14 there have been increasing numbers of designated stroke centers established at larger medical centers. The association between TBI and ischemic stroke, thus, far has received relatively scant research attention, despite what is known about the pathophysiology of brain trauma in precipitating cerebral ischemia. The role of TBI as a risk factor for longer-term ischemic and hemorrhagic stroke onset has been investigated, with increased risk reported in a limited number of recent studies. 15, 16 To date, however, there has been little clinical or research focus on AIS occurring during the hours and days immediately after TBI.
In light of the paucity of clinical evidence on AIS in TBI and the importance of early recognition and treatment, we sought to assess the frequency of AIS acutely after TBI in a large, multi-year, multicenter cohort of TBI patients. Data from 22 acute inpatient brain injury rehabilitation centers and their referring acute-care hospitals in the Traumatic Brain I jury Model Systems (TBIMS) National Database (NDB) were analyzed. Our objective for this study was to characterize the incidence of AIS after moderate to severe TBI among a population that subsequently received inpatient rehabilitation and evaluate its role in short-term outcome.
Methods
This study was a retrospective analysis of a prospective cohort of patients with acute, moderate to severe TBI enrolled in the TBIMS NDB. The sample included subjects discharged from acute hospitalization between October 1, 2007, and March 31, 2015, a period during which an extended range of concurrent medical conditions were recorded for each patient in the TBIMS NDB by International Classification of Diseases, Ninth Revision, Clinical Modification code. The study was approved by the Institutional Review Board at each participating center.
Study Data
Neuroanatomic data for study patients in the TBIMS NDB were derived from radiology reports of brain computed tomography obtained clinically during acute care. 
AIS Data Sensitivity Analysis
Validity and reliability of AIS diagnoses were assessed by secondary analyses of TBIMS NDB data (online-only Data Supplement).
Results
During the study period, 6488 patients with moderate to severe TBI were enrolled in the TBIMS NDB. Of these patients, 159 (2.5%) were diagnosed with AIS before acute hospital discharge. Among all study patients, 73% were male; median age was 42 years (range 16-99), and 68% were white. The most common causes of TBI were automobile, truck, and bus crashes (31%) followed by falls (31%), motorcycle crashes (12%), and traumatic pedestrian events (7%). At time of initial presentation after injury, 41% of patients did not follow commands (Glasgow Coma Scale motor score <6; Table 1 ).
Patients With Ischemic Stroke Onset
Among patients with AIS, median age was 40 years (range 16-90 years; Table II in the online-only Data Supplement), 71% were male, 66% were white, and the most common cause of injury was motor vehicle crashes (34%) followed by falls (28%). Median duration of acute hospitalization after TBI, during which time AIS was diagnosed, was 25 days (range 4-125 days).
Ischemic Stroke Data Consistency and Sensitivity Analysis
During the 7.5-year study period, AIS was diagnosed in patients at 20 of the 22 centers. The incidence of AIS at centers ranged between 0% and 5.1%, and the incidence of AIS in each calendar year of the study period ranged from 1.9% to 3.3% (Table III in the online-only Data Supplement).
In the sensitivity analysis, with a secondary review of medical records and radiological findings for a sample of study patients at the center with the greatest number of AIS patients, 19 AIS patients (100%) had confirmed new onset of ischemic stroke after the TBI for which they were enrolled in the NDB. Among these patients, one had a previous ischemic stroke,
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July 2017 not related to TBI. Seven (37%) of these patients presented initially to a remote healthcare facility after injury and were subsequently transferred emergently to an urban hospital for acute care, while 12 (63%) patients presented initially to an urban emergency department (Table IV in the online-only Data Supplement).
Univariate Comparison of TBI Patients by Ischemic Stroke Onset
No significant differences were observed between AIS and non-AIS groups in demographic characteristics, including median age, injury cause, severity of initial presentation by Glasgow Coma Scale Motor score or ischemic stroke risk factors, atrial fibrillation, atrial flutter, or hypertension ( 
Independent Associations With Ischemic Stroke Onset
In a multivariable analysis controlling for age, sex, injury cause, and atrial arrhythmias and hypertension, independent associations with AIS onset were neuroanatomic aspects of the brain injury, including compression of basal cisterns or midline shift (adjusted OR, 
Multivariable Analysis of Ischemic Stroke and Outcome
In multivariable analyses controlling for age, sex, injury type, and acute postinjury neuroanatomic characteristics, AIS predicted worse outcome by all measures considered. At the time of inpatient rehabilitation discharge, AIS accounted for a 13-point reduction in Functional Independence Measure Total score (95% CI, −16.8 to −9.7; P<0.001) and a 1.9-point increase in Disability Rating Scale total score (95% CI, 1.3-2.5; P<0.001). AIS accounted for an 18.3-day increase in duration of posttraumatic amnesia (95% CI, 13.1-23.4; P<0.001; Table 4 ).
Discussion
This study of a large, geographically disperse, multicenter sample of patients with moderate to severe TBI for a 7.5-year period found onset of AIS in ≈2.5% of the cohort. Median age of those who developed AIS was 40 years. Median age of the overall TBI study sample was 42 years. Stroke was identified during acute treatment after TBI and occurred within a median of 25 days after injury in these patients, with exact onset timing unknown. Factors independently associated with 
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AIS included intracranial mass effect, damage to white matter tracts of the brain, and atrial flutter. Outcome in patients who developed AIS was poorer by all measures assessed when compared with patients who did not experience AIS immediately after TBI.
Overall Magnitude of Ischemic Stroke in TBI
Although enrollment in the TBIMS NDB includes only people with moderate to severe TBI who received inpatient rehabilitation, the study's findings may help inform preliminary estimates of the overall extent of AIS after TBI. As many as 300 000 individuals are hospitalized in the United States each year with a primary diagnosis of TBI of all severities, 1 and ≈20 000 receive inpatient rehabilitation for a primary diagnosis of TBI. 19 If a substantial proportion of individuals hospitalized with moderate to severe TBI were also found to have a similar incidence of AIS, this would equate to hundreds or thousands of new ischemic strokes annually in the United States likely attributable to TBI, with a substantially larger number worldwide. Including all hospitalized head-injury patients in this type of extrapolation may overestimate the true incidence of AIS after TBI by incorporating some milder head injuries, although this is not certain. Alternately, underestimation in this extrapolation may occur from failing to include patients who die after TBI and those with TBI who do not receive inpatient rehabilitation, both of which may have AIS episodes. Regardless, the findings from the current study suggest that incidence of ischemic stroke after TBI acutely is an important public health concern.
To our knowledge, no previous recent studies have attempted to quantify the incidence and characterize ischemic stroke that is associated acutely with TBI. Some investigators have explored the role of TBI as a potential risk factor for development of ischemic stroke in longer time frames (months or years) after TBI. For example, a retrospective review of trauma patients in California found a 1.1% incidence of ischemic stroke in TBI patients 14 to 44 months after initial injury. 20 This incidence is comparable to the frequency of ischemic stroke we identified acutely in our TBIMS sample. A separate research group investigated composite incidence of all stroke types (ischemic and hemorrhagic) in adults in Taiwan 3 months, 1 year, and 5 years after TBI and reported stroke incidence of 2.91%, 4.17%, and 8.20%, respectively. 21 Annual incidence of new or recurrent ischemic stroke in the overall US population is 213 per 100 000 individuals (0.2%). 6 The risk is approximately double in current smokers and black or African Americans and elevated with high blood pressure and age >55 years. 6 By contrast, the incidence of ischemic stroke acutely among patients with moderate to severe TBI in this study was the equivalent of 2450 per 100 000 individuals (2.5%).
Treatment Implications for Early Diagnosis of AIS
Ischemic stroke after TBI can be harmful whether experienced acutely or at a later time. However, ischemic stroke that arises immediately after TBI may warrant particular attention given its robust association with poorer patient outcomes, which may be avoidable with timely intervention. The narrow window of time to treat ischemic stroke and preserve brain function makes better understanding of AIS after TBI critical. As with spontaneous ischemic stroke, AIS after TBI involves disruption or occlusion of normal blood flow to regions of the brain, resulting in ischemia and infarction. Thrombolysis with tissue-type plasminogen activator is contraindicated for severe TBI under 2013 guidelines of the American Heart Association and American Stroke Association. 9 However, those guidelines state that the recommendation is based on sparse clinical evidence and specify that a physician with expertise in treatment of acute stroke may modify the contraindication list. Enactment of acute stroke protocols, with rapid magnetic resonance imaging acquisition and other specialized neuroimaging, including angiography, to better identify AIS and dissection, may be warranted when clinical manifestations suggest stroke onset acutely after TBI. Similarly, antiplatelet or anticoagulation therapy may be an appropriate consideration if dissection is observed.
In some cases, AIS may have immediately preceded or precipitated TBI in the field, with the exact timing of each condition difficult to ascertain. Implications for treatment of stroke in such scenarios are no less pressing. Accurate diagnosis of TBI and AIS also has implications for prognosis and for care decisions beyond acute treatment, including specific rehabilitation regimen, and secondary prevention, such as lifestyle modification. Furthermore, onset of AIS creates an increased risk for recurrent ischemic stroke, although the frequency of this in TBI has not been well studied. With an average annual rate of future ischemic stroke after incident ischemic stroke or transient ischemic attack of 3% to 4%, evidence-based preventive therapies are recommended for AIS by the American Heart Association and the American Stroke Association. 22 Those preventive measures include smoking cessation, proper nutrition, control of hypertension and hyperlipidemia, and antiplatelet therapy. Secondary prevention could potentially benefit individuals who experience AIS immediately after TBI. Future studies that elucidate the specific mechanisms that may lead to AIS after TBI could help guide secondary prevention efforts in these cases. 
Implications of Patient Age in AIS After TBI
The median age of patients with AIS in this study was 40 years. Thirteen percent of AIS patients were aged 16 to 20 years and one third were <25 years. Patient age may play a role in clinical suspicion and recognition of AIS when it occurs as an acute sequela to TBI. Historically, TBI has been more common in younger individuals, with a median age of onset in the 30s, although the affected population is aging. 23, 24 While ischemic stroke historically has affected predominantly older adults, its frequency in a younger population has been increasing. [25] [26] [27] [28] [29] [30] This trend is of particular concern because stroke in younger individuals may lead to disability during the most productive years of life. Risk factors for ischemic stroke in young adults include hypertension, smoking, diabetes mellitus, and obesity. 30 Stroke in young adults also has other etiologies that are not fully understood but may differ from those of ischemic stroke in individuals of more advanced age, particularly a greater association with cervical artery dissection. 31 While our study suggests mass effect and cervical dissection are associated with AIS onset after TBI, future prospective studies may help better characterize specific mechanisms leading to AIS acutely in these types of brain injuries.
Limitations
The study is based on a database of patients who experienced TBI, received acute hospital care, and subsequently 
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were admitted for care at hospitals providing specialized inpatient rehabilitation for TBI. As such, it may incorporate unintended selection bias from exclusion of TBI patients who did not have access to such rehabilitation geographically, financially, or because of referral patterns. The study includes only survivors of acute hospitalization, thereby, excluding patients who may have had a stroke during that care and died. It is possible that in some cases, ischemic stroke precipitated TBI. Although this is less likely in younger patients, and known risk factors for AIS were assessed, the exact timing of concurrent TBI and AIS relative to each other is not possible to ascertain from our data. The study also was not designed to assess therapeutic intervention for ischemic stroke and cannot evaluate the role that any acute stroke treatment administered may have had for outcome in AIS patients in this TBI sample. The number of patients in the sample with evidence of atrial flutter was small, suggesting caution is warranted in interpreting findings of association between this condition and outcome. The study used a large database, which provided sufficient power to detect AIS prevalence in TBI. However, this analysis was limited in clinical detail regarding the precise mechanisms of injury leading to AIS and resulting deficits. The study was based on medical record coding for billing purposes, which is subject to error. Coding would only be expected to pick up AIS where it was identified and mentioned in the medical record and would not capture undiagnosed instances. For patients with disordered consciousness, AIS may be more likely to go unidentified.
Conclusions
Ischemic stroke is observed acutely in 2.5% of moderate to severe TBI patients who receive rehabilitation and independently predicts worse functional and cognitive outcome after controlling for age, sex, and injury cause. Half of patients with new-onset AIS after TBI are ≤40 years. Cervical dissection is observed more frequently in patients who experience AIS after TBI, and higher-velocity events are more commonly the cause of TBI when dissections are observed. These findings may help guide identification and diagnosis of AIS, help initial treatment decisions when AIS is suspected after TBI, and help direct appropriate subsequent rehabilitation and secondary prevention. Vigilance for AIS is warranted when associated signs or symptoms are observed acutely after TBI or polytrauma, particularly in higher-velocity injuries, given the narrow available therapeutic window.
